Abstract. This study was aimed at investigating the deathassociated protein kinase (DAPK) promoter methylation and its clinical relevance in cervical cancer. The DAPK promoter methylation was detected by methylation-specific PCR (MSP) and correlated with DAPK mRNA and protein expression. The effect of DAPK expression on the radiosensitivity of the cervical cancer cell line was assessed by overexpressing DAPK in the radioresistant cell line SiHa. DAPK hypermethylation was found in 56.08% of the cervical cancer samples and was associated with the tumor histological cell type of squamous cell carcinoma (p=0.002) and advanced tumor stage (p=0.005). Subsequently, DAPK protein expression was found to significantly decrease in cervical cancer samples when compared to normal tissues. The DAPK mRNA and protein expression levels were absent or remarkably reduced in SiHa and HeLa in which the DAPK promoter was hypermethylated. The expression levels of DAPK could be restored after demethylation treatment with 5-aza-2'-deoxycytidine. Overexpressing DAPK in vitro had no significant influence to the survival of the radioresistant SiHa cell after being challenged by irradiation. Our findings suggest that DAPK might not directly be responsible for the cellular radiosensitivity, however, DAPK hypermethylation appeared to be of prognostic significance in the advanced stages of cervical cancer.
Introduction
Cervical cancer is one of the most common gynecological cancers worldwide. The inactivation of tumor suppressor genes and activation of oncogenes are important in cervical tumorigenesis. Transcriptional silencing by hypermethylation of the CpG islands located in the promoter region is a frequent mechanism leading to the inactivation of tumor suppressor genes (1) . Aberrant promoter methylation of tumor suppressor genes was found in cervical cancer. The use of the aberrant gene promoter methylation in cervical cancer was shown to be a potential molecular marker (2) .
Radiotherapy is an effective treatment for cervical cancer. Failure of therapy is usually due to the resistance of the tumor towards radiotherapy. One cellular mechanism common to various therapeutic regimens, including radiation, is tumor cell death via apoptosis. Our previous study demonstrated a close relationship between spontaneous apoptosis and patients' survival (3) . Apoptosis may thus play a role in the response of cervical cancer to radiation treatment.
The death-associated protein kinase (DAPK) gene is a tumor suppressor gene frequently investigated among various cancers. It is a pro-apoptotic gene and participates in various apoptotic systems. The DAPK C-terminal serine-rich tail peptide, which is conserved in death-domain-containing proteins, plays a negative regulatory role in the inhibition of DAPK, whereas the removal of this region enhances the killing activity (4) . Hypermethylation of DAPK was frequently reported in various cancers including colon (5), head and neck (6) , urinary bladder (7), lung (8) (9) (10) , B cell lymphoma (11) and ovary (12) . In addition, it was associated with the advanced stages of tumor development (13) and a poor prognosis in non-small cell lung carcinoma (14) . In sporadic pituitary tumors, the loss of DAPK expression was associated with hypermethylation of the gene promoter.
In the present study, we investigated the prevalence of DAPK promoter hypermethylation in association with the mRNA and protein expression levels in cervical cancer. The prevalence of the promoter methylation was analyzed with the clinical data to reveal their clinical implications. The potential role of DAPK in regulating the cervical cancer cells in response to radiation treatment was also investigated.
Materials and methods
Sample collection. One hundred and seven cervical cancer samples, 27 of them with paired adjacent non-tumor tissues (including endometrium, ovary and uterus) from the years 1990 ONCOLOGY REPORTS 19: 1339 -1345 , 2008 Promoter methylation of death-associated protein kinase and its role in irradiation response in cervical cancer to 2000, were retrieved from the frozen tissue bank at the Department of Obstetrics and Gynaecology, Queen Mary Hospital, the University of Hong Kong. Tissue specimens were frozen at -70˚C or liquid nitrogen after surgical removal. Ethic approval was obtained from a local institute for the use of these specimens in this study. The mean age of the cancer patients was 52.46±14.24 (range: 23-85). Of these 107 patients, 87 were diagnosed with squamous cell carcinoma (SCC); 18 were adenocarcinoma (AD) and 2 were adenosquamous which were grouped into adenocarcinoma for analysis. According to the International Federation of Gynaecology and Obstetrics (FIGO) staging classification, 64 patients were at the early stages (I + IIa) and 43 patients were at the advanced stages (IIb or above) of the disease.
Other clinical data, such as HPV status and patients' survival, were also retrieved for data analysis. Blood from 45 noncancer individuals was obtained and used as a normal control. Among 107 cervical cancer patients, 81 of them received radiotherapy and were divided into radiosensitive (46) and radioresistant (22) groups based on the histological findings of residual tumor cells in the cervical biopsy specimens taken after the completion of radiotherapy (15) . Thirteen patients were excluded since they were unable to be followed-up.
Promoter hypermethylation analysis. Genomic DNA was extracted with Proteinase K treatment followed by the conventional phenol/chloroform extraction and ethanol precipitation method. Sodium bisulfite modification of the genomic DNA was performed as described previously (16) . Methylation-specific polymerase chain reaction was performed to examine methylation status at the promoter regions of the DAPK gene. The primer sequences for the methylation and unmethylation-specific allele and PCR conditions are shown in Table I . The amplified products were resolved by 3% NuSieve agarose gel electrophoresis (Bio Whittaken, Molecular Applications, ME), stained with ethidium bromide and then visualized under a UV light. Sodium bisulfite modified placental DNA was treated with SssI methyltransferase (New England Biolabs, Beverly, MA) for a methylation-positive control to be included in each set of MSP. Positive methylation and unmethylation products were randomly selected for confirmation using direct sequencing.
Cell culture and demethylation treatment. Cervical cancer cell lines, SiHa, HeLa, C4-1, Caski and C-33A were seeded at a density of 3x10 6 cells per plate in Eagle's minimum essential medium supplemented with 10% fetal bovine serum, 1% penicillin and streptomycin. The demethylation treatment was performed with five different concentrations (0, 0.5, 1, 3 and 5 μM) of 5'-aza-2'-deoxycytidine (5AZA) (Sigma, St. Louis, MO). The cell lines were harvested for RNA, DNA and protein extractions after 72 h of the treatment.
RNA isolation and reverse transcription polymerase chain reaction (RT-PCR).
Total RNA was extracted from the cervical cancer samples and cell lines using TRIzol reagent (Invitrogen, Carlsbad, CA) as recommended by the manufacturer. The quality and quantity of the extracted RNA was checked by gel electrophoresis and spectrophotometer. Total RNA (1 μg) was reverse-transcribed using an oligodT [12] [13] [14] [15] [16] [17] [18] and SuperScript II reverse transcriptase (Invitrogen) according to the manufacturer's instructions. The synthesized cDNA were subsequently used to measure the mRNA expression of DAPK by RT-PCR. The expression of ß-actin was used as an internal control for normalization. The primer sequences used for amplification of DAPK and ß-actin are shown in Table I . The RT-PCR product was resolved by gel electrophoresis. DAPK mRNA expression was semiquantitated by a densitometer with LabWorks™ Analysis System version 3.0 (UVP, Inc., Upland CA, USA). Cervical cancer samples with DAPK mRNA expression levels lower or higher than 50% of the normal samples were taken as decreased or increased expression after normalization with the ß-actin.
Immunoblotting analysis. Sixty-two cervical cancer samples were taken for immunoblot analysis. Proteins (50 μg) were separated on SDS-PAGE and subsequently transferred onto nitrocellulose paper (Bio-Rad Laboratories, Hercules, CA). Monoclonal anti-DAPK antibody (clone DAPK-55) (Sigma) was diluted in 1:250. In each experiment, monoclonal anti-ß-actin antibody (Sigma) was used to normalize the amount of protein of each sample. A presence of a target band was detected using an ECL chemiluminescent detection kit (Amersham Bioscience, Piscataway, NJ) and autoradiography. Table I . Primers used in methylation-specific PCR and RNA expression assay.
DAPK protein expression was semi-quantitated with LabWorks Analysis System version 3.0 as described above.
Transfection and clonogenic survival assay.
To examine the effect of the expression of DAPK on the radiation response of cervical cancer cells, the radioresistant cell line SiHa was transfected with 1 μg of wild-type DAPK expression plasmid (pcDNA3-DAPK) (a gift from Professor A. Kimchi) using FuGENE6 transfection reagents (Roche Applied Science) according to the manufacturer's protocol. Cells without transfection or transfected with the pcDNA3 vector served as controls.
The intrinsic radiosensitivity of the cervical cancer cell line was determined by a clonogenic survival assay as described previously (17) . The colony forming ability was calculated by comparing the number of colonies between the irradiated and non-irradiated cells. Colony formation efficiency of the nonirradiated control cells was normalized to 100% and the colony formation efficiency of the irradiated cells was expressed as a percentage of the control survival. The pcDNA3-DAPK transfected SiHa cells were irradiated at 2 Gy with a Gammacell 1000 (Nordion International Inc., Kanata, ON, Canada). After irradiation, the cells were cultured for 10 to 14 days. The cells were subsequently fixed in 70% ethanol and stained with 1% Giemsa solution (in water). Colonies consisting of >50 cells were scored. Experiments were peformed in triplicate. The surviving fraction at 2 Gy (SF2) was used as an indicator of radiosensitivity (18) .
Statistical analysis. Statistical analysis was performed using SPSS version 13.0 (SPSS Inc., Chicago, IL). A comparison was made by the Student's t-test, Fisher's Exact test and χ 2 test as appropriate. The Kaplan-Meier method with the logrank test and Cox regression model were used for survival and multivariate analyses, respectively. A p-value <0.05 was taken as statistically significant.
Results
Frequency of DAPK promoter hypermethylation in cervical cancer samples. DAPK promoter hypermethylation was found significantly higher in the cervical cancer samples (60 out of 107, 56.08%) compared to the normal controls (0% in matched normal tissues and 4.4% in normal blood) ( Table II) Table II . Prevalence of DAPK hypermethylation in cervical cancer samples, matched normal tissues and normal blood samples. 
------------------------------------------------
a P-value was statistically significant between cancer and normal controls obtained by χ 2 test. Methylation and demethylation studies in cell lines. The DAPK promoter was found completely methylated in SiHa and HeLa, though unmethylated in the Caski, C4-1 and C-33A Table III . Correlations between clinical parameters and DAPK methylation, mRNA and protein expression levels in cervical cancer samples. ---------------------------------------------------------------------------------------------------- Figure 3 . Promoter methylation status, mRNA and protein expression levels of DAPK in five cervical cell lines of Caski, C4-1, HeLa, SiHa and C-33A were examined. cells (Fig. 3A) . The mRNA and protein expression levels of DAPK were present in Caski, C4-1 and C-33A cell lines, though lost in HeLa and SiHa (Fig. 3B) . In order to investigate whether DAPK expression is methylation-dependent, demethylation studies were carried out on SiHa and HeLa cell lines. DAPK mRNA and protein expression levels were restored on the two cell lines after 3 days of demethylation treatment with 0.5-5 μM of AZA (Fig. 4) . However, the promoter methylation could not be completely abolished in the cell lines even when using higher dosages (5 μM) of AZA (Fig. 4) .
-------------------------------------------------
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Clinicopathological correlations. Prevalence of DAPK promoter hypermethylation, mRNA and protein expression levels in cervical cancers were analyzed with the clinicopathological data and are summarized in Table III . The incidence of DAPK promoter hypermethylation was significantly higher in the SCC type of the cancer and in tumors in the advanced stages (p=0.002 and p=0.005, respectively, χ 2 test). A significant association was not found between the patient's survival and the DAPK promoter hypermethylation; mRNA expression and protein expression (p=0.056; p=0.15 and p=0.46, respectively, log-rank test).
HPV16 infection was found more frequently in SCC (57/87, 59.87%) than in AD tumors (2/20, 10%) (p<0.001, χ 2 test, data not shown) and in the early stages of cervical cancer (40/64, p=0.048, χ 2 test). While HPV18 infection was found to have a similar infection rate in SCC (22/87, 25.3%) and AD (7/20, 35%) (p=0.27, χ 2 test, data not shown). DAPK mRNA expression correlated with HPV16 infection in cervical cancer samples (p=0.042, χ 2 test), though DAPK protein expression and methylation did not (Table III) . Patients with DAPK mRNA expression were found to have a higher HPV16 infection rate than patients without mRNA expression. HPV18 infection did not correlate either with DAPK expression or methylation.
DAPK expression and tumor radiosensitivity. DAPK expression and tumor radiosensitivity were assessed in 81 patients who had undergone radiotherapy. Thirty out of 46 (65.2%) radiosensitive and 11 out of 22 (50%) radioresistant cervical cancer samples revealed the DNA hypermethylation in the DAPK promoter. The DAPK mRNA expression was detected in 23 out of 32 radiosensitive (71.9%) and 9 out of 15 radioresistant samples (60%), while the DAPK protein expression was found in 22 out of 26 radiosensitive (84.6%) and 6 out of 7 radioresistant samples (85.7%). However, not the DAPK mRNA or the protein expression levels were correlated with tumor radiosensitivity (p=0.313 and p=0.72, Fisher's Exact test, respectively, Table III ). Though no significant correlation was noted, as the promoter methylation contributed to the regulation of the gene expression, the investigation using an in vitro cell model was pursued in order to examine the role of DAPK in regulating the cellular radiosensitivity in the cancer. The radiosensitivity of cervical cancer cells was measured by survival fraction at 2 Gy (SF2) using a clonogenic assay (17) . SiHa was previously found to be a radioresistant cell line. An in vitro transfection study demonstrated a mild decrease of survival cells in pcDNA-DAPK transfected SiHa cells compared to the mock transfected control cells after irradiation treatment (Fig. 5) .
Discussion
Hypermethylation of CpG within the promoter region of the tumor suppressor or other cancer related genes is a common feature of human cancer and is often associated with a transcriptional silencing and loss of a relevant protein (19) (20) (21) . Since promoter methylation regulates the gene transcriptional status, the hypermethylation of genes involved in cell cycle control and apoptosis might have a pathogenetic role in the development of cancer.
In this study, promoter hypermethylation of DAPK was investigated and was found to be significantly higher in cervical cancer than normal control samples and advanced disease stages. Similar findings were also reported by other studies (22, 23) . Hypermethylation of DAPK was found to be associated with the SCC type of the cancer. This phenomenon might imply that squamous cell is more susceptible to an epigenetic alteration.
The loss of DAPK expression due to promoter hypermethylation was demonstrated in other cancers (11, 24) . Since DAPK is a positive mediator of apoptosis, the silencing of DAPK disabled the DAPK-mediated apoptosis and might then prompt metastasis in the cancer cells (25) . In addition, cells lacking DAPK expression via promoter methylation became more invasive and metastatic (26) . In the cell line model, the DAPK mRNA and protein expression levels were restored after the demethylation drug treatment. Our studies have shown that the DAPK protein expression levels were decreased in cervical cancer samples when compared with the normal tissues. However, DAPK hypermethylation was not correlated with the DAPK protein expression, which might suggest that perhaps the down-regulation of DAPK protein expression in cervical cancer is not dependent on the regulation of the promoter methylation.
DAPK was shown to be a pro-apoptotic gene and in regulation of the apoptotic pathway (27) . In our in vitro cell model, the exogenous overexpression of DAPK had no effect on the cellular radiosensitivity. A similar study reported by Tanaka et al revealed no significant relationships between cellular radiosensitivity and DAPK protein expression, or DAPK promoter hypermethylation (28) . Our results suggest that DAPK may not have a direct effect on radiation-induced apoptosis. In addition, SiHa is an HPV16-positive cell line in which functional p53 was degraded by the E6 oncoprotien of HPV16. As DAPK-mediated apoptosis required the presence of functional p53, DAPK might not be able to induce apoptosis in the p53-degraded SiHa after an irradiation challenge. Further investigations on the co-transfection of DAPK and p53 might shed light on the role of DAPK in the regulation of the cellular radiosensitivity.
In summary, our study indicated that DAPK hypermethylation frequently occurred in cervical cancer, especially in squamous cell carcinoma of the cervix. Correlations between DAPK hypermethylation and staging suggested that DAPK hypermethylation had a prognostic significance. No association between DAPK protein expression and cellular radiosensitivity suggested that radiation-induced apoptosis might not be regulated by DAPK, however, this needs to be further investigated.
